Abstract
phenotypes in different environments, can enhance ecological niche breadth and plays an important role in successful plant invasions (Davidson et al. 2011; Fenesi and Botta-Dukát 2011; Schlichting and Levin 1986; Sultan 2001; van Kleunen et al. 2010) . Alternatively, invasive plants may acclimate to different environments via genetic differentiation (Richards et al. 2006) . Local adaptation could be the result of genetic differentiation under divergent selection and is characterized by high fitness of resident genotypes compared with genotypes from other habitats (Ebeling et al. 2011; Kawecki and Ebert 2004; Maron et al. 2004; Shi et al. 2010) .
For crofton weed, variation of physiological and phenotypic characters to latitude, altitude, light intensity, soil phosphorus and temperature has previously been reported (Feng 2008; Feng et al. 2007; Yu and Ma 2006; Zhang et al. 2009 ). High phenotypic plasticity was therefore thought to be a reason for the successful invasion of crofton weed in heterogeneous habitats. Meanwhile, laboratory experiments showed significant differences in high-or low-temperature tolerance of seedlings from different crofton weed populations Li et al. 2008; Su et al. 2005) . Thus, it seems that this weed from divergent habitats has developed diverse adaptive genotypes. However, it is unclear whether crofton weed in different habitats has formed local adaptation in the field.
Reciprocal transplant experiments are useful tool to determine local adaptation (Hereford 2009; Kawecki and Ebert 2004; Leimu and Fischer 2008) . The fitness of local and introduced populations can be compared directly in such experiments (Ross et al. 2009 ). Local adaptation entails that in each habitat the local population is expected to show higher fitness than populations from other habitats (Kawecki and Ebert 2004; Leimu and Fischer 2008; Miglia et al. 2005) . In this study, we investigated the differences in plant height, biomass, seed yield and seed germination rate of crofton weed among five populations. To test whether these differences among populations were caused by local adaptation, we carried out a greenhouse experiment and a reciprocal transplant experiment.
MAtERIALS And MEtHOdS

Field investigations and seeds collection
In April 2007, we investigated five crofton weed populations in Yunnan Province of China: Mengla (ML), Pe'er (PE), Kunming (KM), Midu (MD) and Jianchuan (JC) (Fig. 1) . These populations are located at different latitudes and elevations with annual temperatures between 12.7°C and 21.7°C. A detailed description of the five sites is presented in Table 1 . Four replications were investigated in each site. Each replication included eight square blocks (1 × 1 m), and the distance between blocks was >10 m. Plant height, biomass (including above-and belowground components) and seed yield in each square block were measured. Seeds were collected from 25 to 30 plants scattered in different square blocks and mixed in each site. These seeds were dried at room temperature and stored in paper bags. Seed germination was assessed on filter paper in petri dishes in growth chambers with a 14-h/10-h day/night cycle at 25/15ºC. Seed germination rate was measured as the percentage of seeds germinated during the course of the experiment.
Rearing of seedlings
In early May of 2007, seeds of five populations were germinated in trays (60 × 45 × 10 cm) filled with sand in a greenhouse. Two weeks later, replicate batches of five uniform, healthy and similar-sized seedlings from one site were selected and transplanted into one pot (diameter: 20 cm, height: 15 cm). This resulted in 50 pots per population to grow the seedlings. Plants were watered daily. Four weeks later, when seedling heights reached 16-20 cm and fourth leaves had fully expanded, they were transplanted for the greenhouse experiment and the reciprocal transplant experiment.
Greenhouse experiment
In order to test genetic differentiation of the five populations, responses of seedlings with the five provenances were compared in a greenhouse experiment. The temperature in the greenhouse alternatively changed at 35/20ºC with a 14-h/10-h day/night cycle. In June 2007, we planted replicate batches of three seedlings from the same population into a pot (diameter: 60 cm, height: 55 cm) filled with a 1:1:1 mixture of soil: sand: muck (pH 6.77, organic matter content 92.81 g/kg, total N 3.06 g/kg, total P 1.77 g/kg, total K 9.42 g/kg, available N 4.98 mg/kg, available P 0.29 mg/kg and available K 453.00 mg/kg). Each population had five pots as replications. The pots were randomly rearranged in the greenhouse every month. In April 2008, plant height, biomass and seeds yield of each individual plant were measured, and the sum of the three individuals of each pot was calculated and used as the replication value for the analysis of variance (ANOVA). Seeds of three plants of each pot were mixed, and seed germination of each pot was observed in growth chambers (with a 14-h/10-h day/night cycle at 25/15ºC).
Reciprocal transplant experiment
In June 2007, 1000 seedlings with five provenances were planted in five sites (ruderal land at the edge of forests). Before planting, vegetation was removed and the soil was tilled to provide a homogeneous rooting medium. There were four blocks (3 × 5 m) in each site, and the distance between blocks was >20 m. In each block, 10 seedlings of each provenance were planted, and the 50 plants from the five populations were randomly distributed. All blocks were protected by fences. In February 2008, it was observed that all plants in the JC site had died due to the disastrous winter freeze in 2007. Therefore, measurements were collected only in the other four sites in the subsequent experiment. To avoid invasive plant dispersal through this experiment, fruits and seeds were collected from all plants in April 2008. And in April 2009, we counted survival of this weed and seed yield per plant in the four sites, measured plant height and harvested all surviving plants including their above-and belowground components for dry matter assessment. Harvested seeds were germinated in growth chambers to calculate germination rate.
Statistical analysis
The difference among the sites of field investigation and the difference among provenances in the greenhouse were analyzed with a one-way ANOVA following Tukey's test (P < 0.05). To correct for heterogeneity of variances, seedling survival rate and seed germination rate data were transformed by arcsine-square root for statistical analyses. The effects of population and site on growth and reproduction traits (including seed germination rate) were analyzed with a mixed model analysis of two-way ANOVA. Population and site were used as fixed factors, and block within sites was used as a random factor. All analyses were conducted with SPSS 12.0.
RESuLtS
Field investigation
Plant height, biomass, seed yield and germination rate were significantly different among the five sites of crofton weed in fields ( , respectively). The corresponding values for the ML population were significantly lower than those in the other populations, e.g. the seed yield was <1% of that of the MD population.
Greenhouse experiment
Plant height, biomass, seed yield and germination rate of seedlings were not significantly different among the five populations (Table 3 ). The average plant height of the five 
Reciprocal transplant experiment
By the time of harvest, the majority of originally planted seedlings was still alive in the ML (95.5%), PE (96.0%), KM (95.5%) and MD (95.0%) sites. The survival rate did not differ significantly among the populations or study sites (Table 4) . Plant mortality was mostly observed in the first month after transplanting. Plant height, biomass and seed yield of the five populations differed significantly among the four sites with the same trend: ML > PE > KM > MD site (Fig. 2) . However, in the same site, there was no significant difference in plant height, biomass and seed yield among populations, except seed yield in the MD site. Seed yield of the MD and JC populations was significantly higher than that of the ML and PE populations in the MD site, and the seed yield of the MD population in the MD site was not higher than that in other sites (Fig. 2) . The interaction between population and site did not have significant effects on plant height, biomass and seed yield (Table 4) . Blocks had a significant effect on plant height, biomass and seed yield, indicating small-scale spatial variation in fitness within sites. There was no significant difference in the germination rate of seeds among different populations or sites (Fig. 2) . The interaction between population and site did not significantly affect germination rate either (Table 4) .
dISCuSSIOn
The field survey showed that there were significant differences in plant height, biomass, seed yield and seed ns, P > 0.05; *, P < 0.05; **, P < 0.01. germination rate among the five populations. Variation in growth and reproductive characteristics among crofton weed populations from different habitats was also reported in previous studies (Yu and Ma 2006; Zhang et al. 2009 ). Plant height, biomass and seed yield in our field survey all increased first and then decreased with increasing latitude. However, these characters all decreased with the latitude increasing in the reciprocal transplant experiment. This discrepancy might be caused by the presence of competitor plants in the tropical areas in field. Eupatorium odoratum is another invasive plant in Yunnan Province, and its competitive ability is stronger than crofton weed in tropical areas. In our reciprocal transplant experiment, there were no other plant species in each site. Moreover, temperature and precipitation condition of the ML site is better than other sites. Therefore, plants performed well in the ML site in the transplantation experiment. Plants from the five populations had similar fitness under the same environment in the greenhouse. The reciprocal transplant experiment revealed that, in each site, individuals at their 'home' site did not display higher fitness than those transplanted from other sites. Also, among different sites in the reciprocal transplant experiment, plants did not perform better at their 'home' site than at other sites, except for the ML population. These results provided evidence for lack of local adaptation of crofton weed to different environments in field. The absence of local adaptation was also found in other invasive species, such as Buddleja davidii (Ebeling et al. 2011) , and phenotypic plasticity was suggested to facilitate their invasion in different environments (Gimeno et al. 2009; Ross et al. 2009 ).
In contrast, previous research found strong evidence for local adaptation in some invasive plant species (Leger and Rice 2007; Maron et al. 2004; Montague et al. 2008; Monty and Mahy 2009; Ridley and Ellstrand 2010) . The likely reasons for the lack of local adaptation of crofton weed populations to different climatic habitats are listed below. First, the time period may have been too short. Historical records indicate that crofton weed spread into Yunnan Province from Burma in the 1940s (Qiang 1998) . This short time span may not have been long enough for local adaptation to evolve (Ebeling et al. 2011; Ross et al. 2009) , especially in such a perennial clonal plant. Second, local adaptation can be weakened by gene flow (Brown et al. 2001; Kawecki and Ebert 2004; Sambatti and Rice 2006) . Particularly, it might prevent local adaptation if genetic swamping from central populations occurs into populations at range margins experiencing novel environmental conditions (Bridle and Vines 2007) . Crofton weed is still in the process of invasion, and its seeds can be introduced from central sites to range margins through human activities. Third, strong phenotypic plasticity could prevent local adaptation. When a general purpose genotype can respond to different habitats by displaying different phenotypes, selection may not lead to special genotypes specialized to particular environmental conditions (Davidson et al. 2011; Sultan 1995 Sultan , 2001 Fischer et al. 2010 ). Furthermore, it should be noted that all plants in the JC site in our reciprocal transplant experiment died due to the disastrous winter freeze in 2007. This might have reduced the chance to detect the local adaptation to low-temperature habitats.
Apart from local adaptation, high phenotypic plasticity may be another, but not mutually exclusive, explanation for the successful spread of invasive species (Parker et al. 2003) . Phenotypic plasticity can enhance niche breadth and allow plants to express advantageous phenotypes in a broad range of environments (Schlichting and Levin 1986; Sultan 2001; Whitlock 1996; Wilson et al. 2009 ). Our field investigation showed that plant height, biomass and seed yield all increased first and then decreased with increasing latitude along the distribution range of this weed in Yunnan Province. These results reflect that this weed can sustain in unfavorable conditions and show increased growth and reproduction in preferable environments. This phenomenon was in accordance with phenotypic plasticity. Strong phenotypic plasticity of crofton weed to light intensity, soil phosphorus and latitude has previously been reported (Feng 2008; Feng et al. 2007; Zhang et al. 2009 ). Taken together, these results suggest that phenotypic plasticity has played an important role in the invasion success of crofton weed in different environments. 
